Sequences of pulsed electric fields have been designed and tested that enable a higher selectivity in the pulsed field ionization of high Rydberg states (nу100) than has so far been possible. The enhanced selectivity originates from the permutation of the parabolic quantum numbers n 1 and n 2 that is induced by a sufficiently rapid inversion of the electric field polarity during a pulse sequence. A reliable procedure, based on numerical simulations of the outcome of pulse field ionization sequences, has been developed to detect and control changes in the parabolic quantum numbers that can occur during a pulse sequence. The procedure can be used to assess under which conditions a clean permutation of the parabolic quantum numbers can be achieved. Unwanted randomization of m, n 1 and n 2 , which reduces the selectivity of the field ionization process, can be avoided by minimizing the time intervals during which the electric field in the pulse sequence is almost zero. The high selectivity reached in the pulsed field ionization of high Rydberg states has been used to record pulsed-field-ionization zero-kinetic-energy photoelectron spectra of argon and nitrogen at an unprecedented resolution of 0.06 cm Ϫ1 . This resolution opens new perspectives in photoelectron spectroscopy.
I. INTRODUCTION
Over the 40 years that have elapsed since the development of photoelectron spectroscopy by Vilesov, Kurbatov and Terenin 1 and Turner and Al-Joboury, 2 the spectral resolution that can be achieved with this technique has continually improved from ca. 2000 cm Ϫ1 in the early studies by ultraviolet photoelectron spectroscopy UPS 3 to 0.2 cm Ϫ1 in recent studies by pulsed-field-ionization zero-kinetic-energy ͑PFI-ZEKE͒ photoelectron spectroscopy. 4, 5 This evolution has been stimulated by a particularly fruitful interplay between technical innovation and fundamental research. The need to gain a detailed understanding of the photoionization dynamics in molecular systems and to obtain more precise information on the electronic structure of neutral and charged molecules, and on the energy level structure of molecular ions, has stimulated technological progress which, in turn, has enabled the observation of new spectral structures and has generated the need to search for, and to characterize, previously unobserved phenomena.
In recent years, particular efforts have been invested into the study of the rotational structure in the photoelectron spectra of small molecules, [6] [7] [8] and the vibrational structure in the photoelectron spectra of larger molecules 9 and in the measurement of photoelectron angular distributions. 10, 11 This article summarizes recent progress that has enabled us to improve the resolution of photoelectron spectroscopy to 0.06 cm
Ϫ1
. This work is motivated by the desire to resolve the rotational structure in the photoelectron spectra of larger molecules and to observe even finer details in the photoelectron spectra of small molecules, such as the fine and hyperfine structures of single rotationally resolved lines. 12 The successive development of zero-kinetic-energy ͑ZEKE͒ photoelectron spectroscopy by Müller-Dethlefs, Sander and Schlag 13 and of pulsed-field-ionization ͑PFI-ZEKE͒ photoelectron spectroscopy by Reiser et al. 14 represent two of the latest steps in the evolution of photoelectron spectroscopy on which the present work is based. In PFI-ZEKE photoelectron spectroscopy, the electric field ionization of high Rydberg states ͑principal quantum number n Ͼ100) located immediately below successive ionization thresholds is monitored as a function of the frequency of a tunable laser source. Peaks in a PFI-ZEKE photoelectron spectrum are observed just below each ionization threshold and the position of the field free ionization thresholds, i.e., the position of ionic energy levels with respect to a given neutral state, can be derived by introducing a small correction for the binding energy of the detected Rydberg states. The technique is related to threshold photoelectron spectroscopy ͑TPES͒ 15 but, in contrast to TPES, PFI-ZEKE-PES does not derive its resolution from geometric and time-offlight constraints which restrict the detection to photoelectrons of low kinetic energy, but from the energetic selectivity of the pulsed field ionization process.
Using a slowly growing field ionization pulse, Reiser et al.
14 achieved a resolution of 0.4 cm Ϫ1 in the photoelectron spectrum of NO in 1988. The high resolution resulted from the fact that, while growing, the electric field induced the ionization of Rydberg states of progressively lower principal quantum number. Placing a suitable time gate on the electron time-of-flight spectrum restricted the detection of a PFI signal to a narrow range of n values. In discussing fundamental aspects of PFI-ZEKE-PES, Chupka pointed out that at the high values of n probed experimentally, the electric field ionization occurs diabatically and that the considerable differences in field ionization rates of the different Stark states of a given n manifold of Rydberg states imposed a limitation on the resolution of PFI-ZEKE photoelectron spectroscopy, at least for experiments using a single pulsed field. 16 He also showed that this resolution limit corresponded closely to the resolution achieved by Reiser et al. To go beyond this limit, Chupka suggested, ''pay more attention to methods of sharply selecting the tailored narrow range of n accessed by ZEKE-PFI by, e.g., multiple delayed pulse techniques,'' 16 a suggestion that has been followed by the research groups aiming at further improving the resolution of the technique.
The field ionization dynamics of high Rydberg states by sequences of two and more electric field pulses of the same 17, 18 and opposite 4 polarity has been examined. Dietrich et al. reported a resolution of 0.2 cm Ϫ1 in the PFI-ZEKE-PE spectrum of C 6 H 6 by exploiting the inversion of the Stark manifold that occurs when the sign of the pulsed electric field is reversed. 4 Despite the simplicity and the potential of this scheme, very few photoelectron spectra have been reported so far with a resolution better than 0. 4 has proven very difficult for two main reasons: ͑1͒ High Rydberg states are very sensitive to their environment and their field ionization is not easy to control experimentally, even when sequences of several electric field pulses are used, and ͑2͒ the commercial pulsed tunable nanosecond visible or UV lasers used to record PFI-ZEKE photoelectron spectra have typical bandwidths close to the resolution limit of 0.2 cm Ϫ1 achieved by PFI-ZEKE-PES and are not really suited to systematic examination of the effects of pulse sequences on the resolution, because small improvements in the selectivity of the field ionization tend to be obscured by the insufficient laser bandwidth.
The development of a near-Fourier-transform-limited VUV laser system, 22 and of a sensitive procedure of measuring and compensating stray electric fields by millimeter wave spectroscopy of high Rydberg states, 23, 24 has enabled us to overcome these difficulties, and we report here on systematic investigations of the pulsed field ionization dynamics of high Rydberg states that have led to an improvement of the selectivity of the PFI process at high n values. Crucial for the success of these experiments was the development of a reliable method, described in Sec. IV, of monitoring changes in the parabolic quantum numbers that take place during the experimental cycles.
II. EXPERIMENT
The experiments have been carried out using a broadly tunable ͑8 -17 eV͒ pulsed near-Fourier-transform-limited vacuum ultraviolet ͑VUV͒ laser system ͑0.008 cm Ϫ1 bandwidth at 16 eV͒ coupled to a PFI-ZEKE photoelectron spectrometer. This experimental system has been described earlier, 22 and only experimental aspects relevant to the present investigation are summarized here. In the range of 125 600-127 200 cm Ϫ1 , VUV radiation is generated by resonance-enhanced sum frequency mixing VUV ϭ2 1 ϩ 2 in an atomic beam of krypton using the (4p͒ 5 5p͓1/2͔(J ϭ0)←(4p͒ 22 First, the 308 nm XeCl excimer laser used to pump the amplification stages has been replaced by an injection seeded Nd:YAG laser; this enabled a higher repetition rate ͑25 Hz͒ and enhanced the lifetimes of the dyes in the amplification stages. Second, the fundamental wave number of the fixed-frequency laser was stabilized at a wave number of 15 682.151 1͑17͒ cm Ϫ1 by shifting the frequency of a fraction of the ring laser output in an acousto-optic modulator and locking the shifted frequency to the low frequency rising edge of a suitably chosen fluorescence line of I 2 . In this way, unwanted drifts of the ring laser frequency could be suppressed, resulting in an improved absolute calibration of the VUV wave number. The absolute accuracy of the VUV laser wave number is currently not limited by chirps in the pulsed amplification or the frequency doubling or tripling, but by the noise in the stabilization setup and amounts to 0.01 cm Ϫ1 . The VUV beam is separated from the fundamental beams in a vacuum monochromator using the first-order diffraction off a toroidal grating, and redirected into the experimental chamber where it crosses a pulsed skimmed supersonic beam of the probe gas in the middle of an extraction region. The electric field pulses are generated by applying pulsed voltages to the extraction region which consists of a set of five resistively coupled cylindrical electrodes of a total length of 5.8 cm. The pulsed voltages were produced using an arbitrary function generator and special attention was paid to the impedance matching to the characteristics of the extraction region. Care has been taken to control stray electric fields and to avoid unnecessarily high concentrations of charged particles. From regular measurements of stray fields, we can rule out the presence of stray fields greater than 10 mV/cm in the measurement volume. In addition, we estimate the ion concentrations to be less ͑probably considerably less͒ than 10 6 ions/cm 3 . However, in all pulse sequences discussed in Sec. IV, a small dc field of 10 mV/cm was intentionally applied to ensure complete Stark mixing of Rydberg states with nу200.
Electrons produced by field ionization are extracted along a mumetal shielded time-of-flight tube towards a multichannel plate ͑MCP͒ detector, and the MCP signal is displayed on a digital oscilloscope and transferred to a computer.
Neat argon and nitrogen gas were used in the skimmed supersonic expansion at a nozzle stagnation pressure of 2 bar. In nitrogen, no rotational levels with NЉϾ2 could be detected indicating a rotational temperature of ca. 6 K.
III. MODEL CALCULATIONS OF THE PULSED ELECTRIC FIELD IONIZATION OF HIGH RYDBERG STATES
The field ionization of Rydberg states has been thoroughly described in two excellent books. 25, 26 At the high values of the principal quantum number of the Rydberg states probed by PFI-ZEKE-PES (nϾ100), the pulsed field ionization occurs diabatically 16 and corresponds closely to the field ionization observed in the Rydberg states of the H atom. Several articles summarize important aspects of the field ionization dynamics relevant to the high n states probed by PFI-ZEKE-PES. 4, 16, 18, 27, 28 The diabatic ionization dynamics can be approximately described by Eq. ͑1͒ which was derived by Damburg and Kolosov 29 on the basis of exact numerical calculations of ionization rates of Rydberg states of the H atom in the presence of electric fields
In Eq. ͑1͒ n 1 and n 2 stand for the parabolic quantum numbers, and n and m for the principal and magnetic quantum numbers, respectively. RЈϭ(Ϫ2E)
/F, where E and F represent the Stark energy and the electric field strength in atomic units. Damburg and Kolosov found that reliable ionization rates are obtained when the energy is calculated at the fourth order of perturbation theory ͑see, for instance, Ref.
30͒,
E͑n,m,n 1 ,n 2 ,F ͒ϭϪ 1
In a PFI experiment, ionization processes are observed when the ionization rate becomes sufficiently large for detection to occur on the experimental time scale ͑i.e., approximately 10 7 -10 8 s Ϫ1 in our experiments͒. Because the ionization rates described by Eq. ͑1͒ undergo a very rapid increase over a narrow range of fields, the value of the threshold fields at which ionization rates of 10 6 Ϫ10 8 s
Ϫ1
are reached vary only by a few percent. At a given n value, the Stark states that are shifted to lower energy by the field ͑Stark states of small n 1 values, so-called red-shifted Stark states͒ ionize at lower field strengths than states that are shifted to higher energies by the field ͑Stark states of large n 1 values, so-called blue-shifted Stark states͒. In Fig. 1 the threshold fields corresponding to an ionization rate of 10 7 s Ϫ1 are indicated by circles. The threshold field of the most red-shifted Stark states can be estimated using Eq. ͑3͒
in which R represents the Rydberg constant. The threshold field of the most blue-shifted states, when estimated using Eq. ͑1͒, can be approximately described by
where the value of a slowly decreases at increasing n values. Variational calculations by Herrick 31 suggest that the most blue-shifted states have threshold energies that scale as n 8/3 , which, at n values beyond 100, yields an a value of 2.43. In general, predictions based on Eqs. ͑1͒ and ͑2͒ are in good accord with Herrick's threshold fields. However, these equations appear to be better suited to describe the field ionization of red-shifted Stark states than of blue-shifted states; one systematically observes, for the two or three most blueshifted states at high n values, an implausible decrease of the ionization rates at fields only slightly larger than the thresh- old fields. It thus appears that the field ionization rates of the most blue-shifted states are not reliably estimated by Eqs. ͑1͒ and ͑2͒ at high n values and, indeed, at values of nϾ100, these states do not even reach ionization rates of 10 7 s Ϫ1 at any value of the electric field. These states are fortunately so few that they have a negligible effect on the outcome of our calculations.
The outcome of a PFI-ZEKE experiment using the sequence of two successive pulses of the same polarity ͑see insert of Fig. 1͒ is schematically described by Fig. 1 . The first pulsed field (F 1 ϭ650 mV/cm) causes the rapid field ionization of almost all Stark states with nу220 but does not ionize any Rydberg states below nϽ178 on the experimental timescale (Ͻ100 ns). One therefore expects, for this first pulse, a PFI-ZEKE spectrum in which the PFI signal rises ϳ3.5 cm Ϫ1 (nϭ178) below the field free ionization threshold, reaches its maximum value Ϸ2.2 cm Ϫ1 below threshold (nӍ220) and remains constant until the field-free threshold. The expected resolution of the PFI-ZEKE spectrum is therefore at best 2 cm Ϫ1 . A better resolution can be reached by collecting the PFI signal induced by a second field step F 2 immediately following the first one. This second field will cause ionization of Rydberg states with thresholds between F 1 and F 2 . The best resolution ⌬ max is achieved for values F 2 infinitesimally larger than F 1 ͑see Fig. 1͒ and amounts to approximately
For pulses with amplitude of 50 mV/cm and 100 mV/cm, a resolution of ϳ0.5 cm Ϫ1 and 0.7 cm Ϫ1 results, respectively.
Using pulsed fields of smaller amplitudes may still lead to a further improvement of the resolution but is not practical experimentally. These arguments led Chupka to estimate the best resolution achievable by the slowly growing pulse field ionization method of Reiser et al. 14 to lie around 0.4 cm Ϫ1 . 16 The use of two successive pulses of opposite polarity leads to the qualitatively different situation illustrated in Fig.  2 and to an improvement of the selectivity of the field ionization as was first demonstrated by Dietrich et al. 4 The improvement results from the permutation ͑also called Stark inversion͒ of the parabolic quantum numbers n 1 and n 2 ͓n 1 →n 2 ,n 2 →n 1 , i.e., k(ϭn 1 Ϫn 2 )→Ϫk] that occurs when the polarity of the field is inverted. Because of this inversion, Stark states that have not been ionized by the first field F 1 ͑these states correspond to blue-shifted Stark states͒ can be ionized by a second field F 2 of smaller magnitude than the first. The maximum resolution that can be achieved with this scheme is attained when the second field is just sufficient to ionize the most blue-shifted Stark states at the highest n value that has not been fully ionized by the first field, i.e., nϷ220 in Fig. 2 . This maximum resolution can, however, only be attained at the cost of sensitivity because the ionization of only one of all initially prepared Stark states is eventually detected.
In application of the Stark inversion method, the pulsed field sequence proposed by Dietrich et al. 4 ͑see their Fig. 1͒ turns out to be unpractical because of the interval between the two pulses during which the field returns close to zero. During this interval a randomization of the parabolic quantum numbers can take place 18 ͑see also the following͒ which can ruin the selectivity of the field ionization process. To design a pulsed field sequence with the optimal compromise between selectivity and sensitivity of the pulsed field ionization, we have carried out numerical simulations using Eqs. ͑1͒ and ͑2͒ for a variety of pulse sequences and n values. The algorithm relies on two assumptions.
The first assumption is that Eqs. ͑1͒ and ͑2͒, which have been derived for the H atom at nϽ30, give a valid description of the field ionization dynamics of molecular Rydberg states of high principal quantum number nϾ100. At n ӷ100 several problems can occur ͓see also discussion following Eq. ͑4͒ above͔: 1͒ The energy of some of the most blue-shifted Stark states can exceed the field-free ionization threshold and negative RЈ values enter Eq. ͑1͒. For energies calculated up to fourth order in the electric field, this problem starts arising at nϾ300.
2͒ The validity of the fourth-order Stark energies ͓Eq. ͑2͔͒ becomes increasingly questionable at high n values, particularly at large electric fields. Calculations of the energies using successive orders in the field reveal significant changes at field strength comparable and larger than the threshold ionization fields. However, because of the rapid increase of the ionization rates in the vicinity of the threshold fields, differences in the calculated energies do not result in large differences in the calculated threshold fields, at least below nϽ300, if the two or three most blue-shifted Stark states are excepted.
For these reasons we have not attempted calculations including n values beyond nϭ300. This restriction did not turn out to be severe because the sensitivity of nϾ300 Rydberg states to their environment severely restricts the selectivity of the field ionization process under our current experimental conditions.
Because of the difficulties listed above, one cannot expect the calculations to enable highly accurate predictions, but nevertheless to provide useful information to interpret experimental results and design adequate pulse sequences.
The second assumption made in the calculations is that perfect Stark inversion takes place when the polarity of the field is inverted. Whether this assumption is valid or not depends on the experimental conditions and can fortunately be tested in pulse sequences in which the polarity of the field is not inverted ͑see Sec. IV B͒.
IV. RESULTS AND DISCUSSION
A. Pulse sequences that conserve the parabolic quantum numbers Figure 3͑a͒ displays a set of PFI-ZEKE photoelectron spectra of the Ar ϩ 2 P 3/2 ←Ar 1 S 0 transition. The spectra were recorded using the pulsed field sequence displayed in the insert of Fig. 3 ; this consists of a first pulse of Ϫ141 mV/cm followed by a series of voltage steps during which the electric field in the photoexcitation region is decreased from Ϫ75 mV/cm to Ϫ161 mV/cm in steps of 8.5 mV/cm. All spectra in Fig. 3͑a͒ were recorded by setting gates in the electron time-of-flight spectrum at the expected arrival times of the electrons produced by the successive voltage steps, and the numbering of the spectra at the right side of the figure corresponds to the numbering of the voltage steps in the pulse sequence.
No field ionization signal is observed until the absolute value of the field of the second, stepped pulse exceeds that of the first pulse. This observation indicates that the Stark states do not undergo a significant change in their parabolic quantum numbers during the pulse sequence. The full width of the signal at the baseline amounts to ϳ0.50 cm Ϫ1 , in reasonable agreement with the qualitative prediction made in Sec. III. The spectra are characterized by an asymmetric line shape with a sharp rise on the low frequency side and a slow decrease on the high frequency side. This line shape can be understood qualitatively by inspection of Fig. 1 . The number of states that can ionize between F 1 and F 2 ͑here F 1 corresponds to the voltage reached by the preceding step and F 2 to the voltage reached during the step, i.e., F 1 ϭϪ141 mV/cm and F 2 ϭϪ149.5 mV/cm for trace 9 and F 1 ϭϪ149.5 mV/cm and F 2 ϭϪ158 mV/cm for trace 10͒ is larger at the low energy side where red-shifted Stark states predominantly ionize than at the high energy side where blue-shifted Stark states are detected. This behavior is also reproduced by our model calculations ͓see Fig. 3͑b͔͒ . The calculations, however, either overestimate the signal at the low energy side or underestimate the signal at the high energy side, an observation that may indicate that the ionization rates of the blue-shifted states may be incorrectly predicted in the calculations using Eqs. ͑1͒ and ͑2͒. Alternatively, the observed line shapes could indicate a conversion of the most red-shifted Stark states into slightly less red-shifted states. That the magnitude of the change in k (kϭn 1 Ϫn 2 ) cannot be large is evident from the absence of a PFI signal in traces 1 to 8. The calculations predict a maximum signal at the low frequency side of the spectrum that amounts to 20% of the total population of Rydberg states prepared optically.
B. Pulse sequences that randomize the parabolic quantum numbers
The results of two further pulse sequences, displayed in Figs. 4͑a͒ and 4͑b͒, provide information on the conditions that have to be met for the Stark states to retain their parabolic quantum numbers during the pulse sequence. The spectra were obtained in a way analogous to that described for Fig. 3 with the difference that the pulses used to record the spectra were brought back to near zero field immediately after the first pulse for a period of a few ns ͓Fig. 4͑a͔͒ and 500 ns ͓Fig. 4͑b͔͒. The spectra in Fig. 4͑a͒ are very similar to those in Fig. 3 with the only difference that a weak signal is detectable in the time window corresponding to the eighth voltage step ͑trace 8͒.
The spectra in Fig. 4͑b͒ reveal a different behavior. The observation of a field ionization signal in the time windows corresponding to steps 5-8 ͑traces 5-8͒ suggests that significant changes occur in the parabolic quantum numbers during the time when the electric field is close to zero, and that the change is such that nonionizing ͑blue-shifted͒ states are progressively converted into more ionizing ͑more redshifted͒ states. The occurrence of changes in the parabolic quantum numbers at near zero field has been reported earlier 18, 5 and was attributed to the effect of inhomogeneous stray fields in the excitation volume. Under the experimental conditions described in Ref. 5 , charged particles in the experimental volume could be unambiguously identified as being the origin of the stray fields. Under the present conditions, charge particles certainly play a role in the k changing processes, but we cannot rule out that a weak stray field component perpendicular to the direction of the applied field also contributes. Figure 4͑a͒ shows that a return of the field close to zero is a necessary but not sufficient condition for the observation of a change in the parabolic quantum numbers. Moreover, a comparison of Figs. 4͑a͒ and 4͑b͒ reveals that both the number of transitions and the magnitude of ⌬k increases with the time during which the field is kept close to zero. The redistribution of the population among Stark states at zero field leads to field ionization spectra that are as broad as those shown in traces 9 and 10 of Fig. 3 , but that do not show as pronounced an asymmetric line shape. This redistribution indeed prevents the observation of the strong ionization of red-shifted Stark states at lower energy ͑see Fig. 1͒ and is responsible for the very similar appearance of all spectra displayed in Fig. 4͑b͒ . After 500 ns, the changes in k have, however, not yet led to a complete redistribution of the population among all Stark states. One can conclude from the appearance of the spectra in Fig. 4 that the redistribution of population takes place gradually in a succession of small ⌬k changes.
The results displayed in Fig. 4 suggest that the inversion of polarity of the electric field must induce an inversion of the sign of k provided that the field crosses the zero field line sufficiently rapidly. They also imply that pulse sequences with a long interval at zero field between the positive and the negative pulses such as those proposed in Fig. 1 of Ref. 4 will not enable a clean inversion of k unless a stray field is present in the experimental volume which, by chance, is directed parallel to the applied fields. In their investigation of Stark inversion in Rydberg states of benzene, Dietrich et al. concluded that their stray field was indeed parallel to the applied field with estimated perpendicular component of less than 2 mV/cm. C. Pulse sequences that permute the parabolic quantum numbers Figure 5 illustrates the use of a pulse sequence that induces an almost complete inversion of k and that has been used to record PFI-ZEKE photoelectron spectra at a resolution higher than has so far been possible. The pulse sequence, shown in Fig. 6͑a͒ , starts with a pulsed field of positive polarity ͑166 mV/cm͒ immediately followed by a rapid inversion of the field polarity. Successive voltage steps of 8.5 FIG. 4 . PFI spectra of the Ar ϩ 2 P 3/2 ←Ar 1 S 0 transition recorded with the pulse sequences shown in the inserts. The labels of the different traces ͑1-10͒ correspond to the label of the voltage steps after which the ionization signal was collected. The field returns close to zero for a few nanoseconds ͓panel ͑a͔͒ and for 500 ns ͓panel ͑b͔͒ after the first discrimination pulse. mV/cm then gradually decrease the field from Ϫ75 mV/cm to Ϫ161 mV/cm. The spectra labeled 1-10 in Fig. 5͑a͒ display the field ionization signal produced by the successive voltage steps. These spectra differ markedly from those represented in Fig. 3 . A field ionization signal is observed after each voltage step and the field ionization spectra recorded at the voltage steps 1-5 appear sharp and symmetric with a full width at half maximum of approximately 0.06 cm
Ϫ1
. A gradual broadening of the lines becomes apparent in the PFI spectra recorded in the subsequent steps. Moreover, each successive voltage step ͑1-10͒ shifts the PFI spectrum to lower energy. Figure 5͑b͒ illustrates the results of model calculations based on Eqs. ͑1͒ and ͑2͒ that assume that the inversion of the field polarity induces a perfect inversion of the sign of k (n 1 →n 2 , n 2 →n 1 ). Despite the approximate nature of the calculations of ionization rates at high n ͑see Sec. III͒, these calculations reproduce many features of the experimental spectra satisfactorily, in particular the relative intensities and the gradual shift of the PFI line toward lower wave number observed at each successive field step. Moreover, the full width at half maximum of the lines in traces 1 to 5 of Fig.  5͑b͒ lies in the range 0.052 cm Ϫ1 and 0.055 cm Ϫ1 and is close to the value of 0.06 cm Ϫ1 determined experimentally. The marked difference between the experimental spectra displayed in Figs. 3 and 4 , and those shown in Fig. 5 , indicates that the reversal of the field polarity induces a conversion of blue-shifted Stark states into red-shifted Stark states under our experimental conditions. The good agreement between the experimental and calculated spectra in Fig. 5 further demonstrates that an almost perfect inversion of k can be achieved experimentally.
D. Implications for PFI-ZEKE photoelectron spectroscopy
The almost perfect inversion of k demonstrated in the previous subsection results in a substantial improvement of the resolution that can be achieved by PFI-ZEKE photoelectron spectroscopy. In traces 1-5 of Fig. 5͑a͒ , the Ar ϩ 2 P 3/2 ←Ar 1 S 0 transition has a full width at half maximum of 0.06 cm Ϫ1 which is more than three times narrower than the best resolution achieved so far by PFI-ZEKE photoelectron spectroscopy. In principle, 0.06 cm Ϫ1 does not represent the ultimate resolution limit. One may indeed achieve conditions such as those illustrated schematically in Fig. 2 in which the first voltage step after the reversal of the field polarity is expected to only ionize the most blue-shifted Stark state of the highest n manifold that has not been fully ionized by the first pulse. The resolution would, in this case, not be limited by the field ionization process but by other factors such as Doppler broadening, laser bandwidth, etc. Unfortunately, this ultimate resolution limit can only be achieved at the expense of sensitivity because only one out of the several hundred Stark states prepared initially will then contribute to the pulsed field ionization yield, resulting in a prohibitive loss of sensitivity.
Identification of the optimal compromise between the sensitivity and the selectivity of the field ionization process could be simplified by our model calculations and our findings can be summarized as follows. The highest resolution is achieved with pulsed field sequences in which: FIG. 5 . PFI spectra of the Ar ϩ 2 P 3/2 ←Ar 1 S 0 transition recorded with a pulse sequence ͓shown in Fig. 6͑a͔͒ which inverts the field polarity after the pulse. The labels of the different traces ͑1-10͒ correspond to the labels of the voltage steps after which the ionization signal was collected. ͑a͒ Experiment. ͑b͒ Model calculations.
FIG. 6. ͑a͒
Pulse sequence used to record high resolution PFI-ZEKE photoelectron spectra. ͑b͒ Model calculation of the field ionization yield ͑in %͒ detected at the successive voltage steps. The dashed curve shows the percentage of the Rydberg state population that has not been ionized by the pulse sequence. The dotted curve represents the sum of the field ionization signal of all pulses and the dashed-dotted curve represents the field ionization yield of the discrimination pulse.
͑a͒ The polarity of the field is inverted immediately after the first discrimination pulse; ͑b͒ the absolute value of the electric field in the steps used to generate the PFI signal lies in the range between 40% and 75% of the value of the first discrimination field; and ͑c͒ the magnitude of the steps is kept as small as is compatible with a measurable signal.
Moreover, the optimal sensitivity for a given resolution is achieved when successive steps lead to spectra that are shifted by approximately one linewidth. Under such conditions, which correspond to those used to record the spectra of Fig. 5͑a͒ , as much as 20% of the initially prepared population of Rydberg states can be field ionized. The field ionization yield calculated for the successive pulses is plotted as a function of excitation wave number in Fig. 6͑b͒ . At the peak of the PFI line these yields increase from 7% at the first field step to 20% at the fifth field step. Although yields of up to 25% can be obtained in the later steps of the pulse sequence, the resolution starts degrading. In practical applications, it turns out that it is also advantageous to use discrimination fields significantly smaller than 1 V/cm. Stark inversion can indeed only be achieved under clean experimental condition ͑i.e., controlled stray fields and small ion concentrations in the measurement volume͒. Under such conditions, the lifetime of molecular Rydberg states with principal quantum number nϽ200 that would contribute to the PFI signal in pulse sequences involving large discrimination fields may be shorter than 1 s, and a significant fraction of the initially prepared Rydberg states may decay by autoionization or predissociation before the field ionization. We have found that as long as the discrimination field does not exceed 250 mV/cm and the voltage steps are kept below 25 mV/cm a resolution better than 0.1 cm Ϫ1 is readily obtained. Figure 7 shows PFI-ZEKE photoelectron spectra recorded with pulse sequences fulfilling the requirements listed above. The upper spectrum ͓Fig. 7͑a͔͒ represents an expanded view of the Ar ϩ 2 P 3/2 ←Ar 1 S 0 transition already displayed as trace 1 in Fig. 5͑a͒ . The lower spectrum shows the N ϩ ϪJЉϭ0 branch of the PFI-ZEKE photoelectron spectrum of the X 2 ͚ g ϩ (v ϩ ϭ0)←X 1 ͚ g ϩ (vЉϭ0) transition of molecular nitrogen (N ϩ and JЉ represent the rotational angular momentum of the ion and the neutral, respectively͒. Both spectra were recorded using similar pulse sequences, but collecting the PFI signal produced by different steps. The position of the lines with respect to the field-free ionization thresholds ͑indicated by vertical dashed lines͒ is thus different. The full width at half maximum amounts to 0.06 cm Ϫ1 in the argon spectrum and to 0.055 cm Ϫ1 in the nitrogen spectrum. Thanks to the accurate absolute calibration of our XUV laser wave number ͑uncertainty of 0.01 cm Ϫ1 ͒ and the precise independent determination of ionization limits by Rydberg series extrapolation 32 which confirmed earlier literature values, 33, 34 the range of n-values that contribute to the PFI-ZEKE lines could be determined to be nϭ305-314 in the argon spectrum and nϭ270-276 in the nitrogen spectrum. These narrow ranges of n values demonstrate the extent to which the selectivity of the pulsed field ionization process can be controlled in high Rydberg states.
V. CONCLUSIONS
The development of a reliable procedure, based on numerical simulations, to assess and control the changes in the parabolic quantum numbers of high Rydberg states that take place during an electric field pulse sequence has rendered possible the recording of highly selective field ionization spectra of high Rydberg states. This high selectivity has brought a significant improvement in the resolution that can be achieved by pulsed-field-ionization zero-kinetic-energy ͑PFI-ZEKE͒ photoelectron spectroscopy: A resolution of better than 0.06 cm Ϫ1 can be reached under conditions where the field ionization yield amounts to approximately 20%. At this level of resolution and sensitivity, PFI-ZEKE photoelectron spectroscopy can be used to obtain highly accurate spectroscopic information and to derive precise structural information on molecular ions. This development will, in particular, enable measurements of the rotational structure in the photoelectron spectra of larger molecules than has been possible until now. 
